The brains of 20-week-old rats were locally irradiated with single doses of X-rays (400-1400 cGy). A similar group of animals received an intraventricular injection of methotrexate (MTX) prior to irradiation with single doses of X-rays (600-1400 cGy). Animals were killed six weeks after irradiation. A group of unirradiated age-matched animals acted as controls. In irradiated animals, the most severe effect on the subependymal plate (SEP) of the brain was denoted by the fall in the mitotic count (Me) and the number of small dark (SD) nucleated cells. SD nucleated cells are believed to represent the proliferative compartment of the subependymal layer. Other cell types in the SEP, believed to arise from the SD nucleated population, were affected to a lesser degree. After combination treatment with MTX, the decline in the MC and the SD nuclear density was more severe. The data for the dose-related decline in SD nuclear density and the MC fitted equally well on log-linear and linear plots. From the log-linear plots of the data it was concluded that MTX was radiation dose modifying (DMF 1.25-1.44). However, on the basis of the linear plots the effect of radiation and MTX was apparently additive. While no firm conclusions could be drawn regarding the mechanism of action of MTX on the radiation response of SEP cells, the possible mechanisms are discussed.
Introduction
Children with acute lymphocytic leukaemia, who have received chemotherapy and are in complete haematalogic remission, frequently develop symptoms and signs of meningitis and are found to have leukaemic cells in their cerebrospinal fluid (CSF) . It is thought that antileukaemic drugs fail to diffuse into the meninges, so that leukaemic cells in this region continue to replicate (Hamilton & Elion 1954; Whiteside et al. 1958) . When the meningeal leukaemia reaches a certain mass, the cells are usually released into the CSF, sometimes resulting in complex neurological problems (Sullivan 1957) .
Chemotherapeutic agents, particularly methotrexate (MTX) which is administered intrathecally, are currently used in conjunction with brain and spinal cord (CNS) irradiation as part of the prophylactic treatment of lymphocytic leukaemia to prevent CNS relapse and to prolong complete remission (Hustu et al. 1973 , Pinkel et al. 1977 .
Although this treatment has proved to be highly effective in controlling CNS leukaemia, there are important side effects. Drowsiness, lethargy, anorexia and irritability were found in approximately 60% of children treated (Freeman et al. 1973) . These phenomena were usually transient, but permanent paraplegia, sensory loss or occasionally death may result (Rubinstein et al. 1975 , Back 1969 .
. In the brain, the subependymal layer of cells acts as a stem-cell population for neuroglial cells during adult life (Lewis 1968 , Smart & Leblond 1961 , Hubbard & Hopewell 1980 . Radiation has been found to result in the depletion of cells in the SEP of the rat brain (Hopewell & Wright 1970 , Hopewell &.Cavanagh 1972 and damage to this region has been linked with the development of late radiation damage in the brain after a latency period of 8-12 months (Hopewell & Cavanagh 1972 ). In the present study, changes in the SEP cell population were used in a quantitative study of the effects of single doses of X-rays on the brain. These results acted as base-line data for the subsequent evaluation of changes in the radiation response produced by MTX.
Methods
The brains of 20-week-old Sprague-Dawley rats were locally irradiated with single doses of 400-1400 cGy of X-rays. Twenty-week-old rats were selected for this study as the cellularity and mitotic activity of the SEP were known to be stable from this age in this strain of rats (Hubbard & Hopewell 1980) . The technique used for irradiation has been described previously (Hubbard & Hopewell 1980) . Groups or six animals were then killed at intervals of 3, 6 and 9 weeks after irradiation by cardiac perfusion with I % acetic acid in 10% formal saline (Cavanagh & Lewis 1969) . Groups of unirradiated, age-matched, animals acted as controls. After perfusion the cerebrum was removed from the skull and immersed in the same fixative for a further period of 4-5 days. The brain was cut horizontally through the lateral ventricles and embedded in paraffin wax. Sections, 5 J!m thick, were cut and stained with Mayer's haematoxylin and eosin.
The parameters counted were: (I) the total number of mitotic figures per median horizontal section of the brain; (2) the total number of nuclei; and (3) the number of the different subpopulations of cells, i.e. cells with small dark (SO), small light (SL) or large light (LL) nuclei in a standard area (6084 J!m 2 ) of the rostral extention of the SEP (Hubbard & Hopewell 1980) . The cell counts in irradiated animals were compared with those in controls of the same age.
The severity of the radiation-induced changes in the parameters assessed in the SEP were constant over the period from 3-9 weeks after treatment and thus these data were combined. In subsequent combination treatment studies, animals were only killed after a fixed interval of six weeks. In the combination treatment groups, MTX was administered intravenously, approximately 4 mg/kg body weight, 30-45 min prior to irradiation with doses of 600-1400 cGy. A total of 10 animals were used in each radiation dose group. 
Results
The relative dose-related changes in the MC, the total nuclear density and the density of the different subpopulations of cells are shown in Figure 1 . All the dose-effect curves show an initial 'shoulder' region followed by an exponential decline for doses between 600-1400 cGy. However, even in the parameters most affected, the mitotic count and the SO nuclear density, the maximum reduction observed was only 60-80%, less than one decade. With such a small total reduction even in these two parameters it is perhaps not surprising that the data could be fitted equally well on a linear effect scale (Figure 3) . The correlation coefficients for log and linear plots were similar (0.99 and 0.97 respectively).
The dose-related changes in the MC and the number of SO nucleated cells after radiation and MTX plus radiation are shown as log and linear effect plots in Figures 2 and 3 . After combination treatment there was a greater reduction, for a given radiation dose, in the number of cells with SO nuclei and in the MC compared with that seen with radiation alone. In the semi-log plots ( Figure 2 ) the data fitted well to a common extrapolation and the ratio of the slopes of the dose-effect curves suggested a dose-modification factor (OMF) of 1.25 on the basis of the MC data and 1.44 for the modified SO nuclear density counts. The 95% confidence limits on those values suggest that these OMFs were not significantly different from each other.
The same data plotted on a linear effect scale produced curves with parallel slopes ( Figure  3) . The dose-response curves after combination treatment were shifted to the left of the radiation-only curves, in the case of SO nucleated cells by the equivalent of '" 330 cGy and in the case of the MC by the equivalent of", 195 cGy. This result would suggest an additive as opposed to a dose-modifying action for MTX.
The fall in the number of small dark nucleated cells and the mitotic count produced a complex change in the distribution of small and large light nucleated cells which was reflected by changes in the total nuclear density of the SEP. This will be discussed in detail elsewhere (Morris & Hopewell, in preparation).
Discussion
Local irradiation of the brain with single doses of X-rays produced a dose-related reduction in the various cell types in the SEP. This reduction 3-9 weeks after irradiation represented the maximum reduction in the cellularity of the SEP. Repopulation begins approximately 12 weeks after irradiation (Hubbard & Hopewell 1980) . Figure3.Lineardose-response curvesshowing thedecline inthe total mitoticcountand smalldark nucleardensityin the rat subependymal plate after either X-rays only (.) or after MTX plus X-rays (e)
The number of SD nucleated cells was most severely reduced after irradiation. This finding is consistent with the view that these cells represent the proliferative stem cell population of the SEP (Hubbard & Hopewell 1980) . The reduction in the number of SD nucleated cells would account for the fall in the mitotic count. Therefore changes in these two parameters may reflect reproductive cell survival within the SEP region.
When the dose-related changes in these two parameters are plotted on a log scale then the data are fitted well by a cell survival equation (Pike & Alper 1964) . The ratio of the slopes of the exponential parts of the dose-effect curves for irradiation and combination treatments suggested a dose-modifying action for MTX with a DMF of between 1.25 and 1.44.
Although the data fitted well to a semi-log plot, they were also found to fit equally well on a linear effect plot. When plotted in this way, the slopes of the dose-effect curves for radiation and combined radiation plus MTX were parallel. With the data expressed in this way, the effect of MTX would appear to be purely additive. Therefore, it is not possible to reach a firm conclusion regarding the mechanism of action of MTX on the radiation response of the cells of the SEP. From the present results the question remains open as to whether the action of MTX is additive or dose-modifying. Some earlier in vitro studies suggested that MTX doses had a dose-modifying effect on cells actively synthesizing DNA. MTX sensitized log-phase cells to radiation, while the radiosensitivity of stationary phase cells was not affected by the addition of the same concentration of the drug (Berry & Huckle 1972) . In vivo, MTX had no effect on the radiosensitivity of the ascites leukaemia P322 (Berry & Asquith 1974) although it was argued that a large proportion of the tumour cell population was not synthesizing DNA. MTX alone killed tumour cells and any effects could only be described as additive.
From clinical experience, it is generally accepted that MTX enhances the radiation response of the eNS (Griffin et al. 1977 , Abelson 1978 , Shehata & Meyer 1980 . However, information is lacking as to precisely how the radiation response is enhanced. The cytotoxic action of MTX alone is thought to be related to its competitive inhibition of the enzyme dihydrofolatereductase (Bertino et al. 1964 , Chabner & Young 1973 , which effectively block cells in the G I-S transition phase, a fairly radiosensitive phase in the cell cycle. In the present study in the rat brain, MTX was only administered 30-45 minutes before irradiation. This interval is too short to allow MTX to synchronize the proliferating cells in the G I-S phase. This action of MTX cannot, therefore, be responsible for the increased killing of cells by MTX relative to irradiation alone. Abelson (1978) proposed that the mhibition of dihydrofolatereductase by MTX results in an intracellular build-up of oxidized folates, i.e. dihydrofolate, which might in itself be toxic to the brain. If this was responsible for the increased killing of SO nucleated cells after combination treatment, then it would imply that when MTX is combined with radiation the resultant effect will be truly additive. Thus, in conclusion, the mechanism of action of MTX when combined with radiation in the brain remains uncertain. However, if this combination is to be used in clinical practice then the radiation dose should be reduced if the radiation tolerance of the normal brain is not to be exceeded.
